Life and death fate decisions allow cells to avoid massive apoptotic death in response to genotoxic stress. Although the regulatory mechanisms and signalling pathways controlling DNA repair and apoptosis are well characterized, the precise molecular strategies that determine the ultimate choice of DNA repair and survival or apoptotic cell death remain incompletely understood. Here we report that a protein tyrosine phosphatase, EYA, is involved in promoting efficient DNA repair rather than apoptosis in response to genotoxic stress in mammalian embryonic kidney cells by executing a damage-signal-dependent dephosphorylation of an H2AX carboxy-terminal tyrosine phosphate (Y142). This post-translational modification determines the relative recruitment of either DNA repair or pro-apoptotic factors to the tail of serine phosphorylated histone H2AX (c-H2AX) and allows it to function as an active determinant of repair/survival versus apoptotic responses to DNA damage, revealing an additional phosphorylation-dependent mechanism that modulates survival/apoptotic decisions during mammalian organogenesis.
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The developmentally regulated transcriptional cofactor EYA is a component of the retinal determination pathway that controls the development of various organ systems in metazoans, including the kidney [1] [2] [3] . The primary phenotypic consequence of loss of EYA activity is increased apoptotic cell death in early tissue primordium and subsequent agenesis of target tissues [3] [4] [5] . Previous work by our laboratory and others identified a phosphatase enzymatic domain in mammalian EYA1-4 as well as the Drosophila homologue eyes absent (eya), and demonstrated that EYA is a functional phosphatase [6] [7] [8] . Although early in vitro phosphatase assays using synthetic phosphopeptides indicated that EYA might possess dual specificity, subsequent data have indicated that, in vivo, EYA primarily functions as a tyrosine phosphatase 9 . Here, we demonstrate that increased apoptosis seen in the absence of EYA is at least in part due to persistent phosphorylation of H2AX Y142, a mark that is a component of the mechanisms that distinguish between apoptotic and repair responses to genotoxic stress.
EYA-H2AX interactions
We noticed that increased apoptosis and loss of renal tubules seen in the developing kidney of Eya1 2/2 mouse embryos coincided with increased immunostaining for serine-139-phosphorylated H2AX (c-H2AX) (Fig. 1a, b and Supplementary Fig. 1 ). Nuclear phosphorylation of the histone variant H2AX was recently shown to be a crucial component of apoptosis induced by the activation of the JNK/SAPK stress response pathway 10 , in addition to having a well studied role in DNA damage repair [11] [12] [13] [14] . Because the developing kidney is exposed to localized hypoxia during early development as the rapidly proliferating organ outgrows the local vasculature, potentially leading to activation of stress response pathways and increased generation of reactive oxygen species 15, 16 , we considered the possibility that apoptosis induced in the absence of EYA might be related to altered DNAdamage-response pathways. To mimic the events in the Eya1 2/2 kidney in a cell model, we depleted endogenous EYA1 or EYA3 in 293T human embryonic kidney cells using specific short interfering RNAs (siRNAs; Supplementary Fig. 2 ) and then subjected the cells to hypoxic conditions for 20 h. EYA1 and EYA3 have been previously qualified as phosphatase enzymes [6] [7] [8] and both are expressed in 293T cells. Notably, knockdown of either EYA1 or EYA3 using specific siRNAs caused a significant increase in TdT-mediated dUTP nick end labelling (TUNEL)-positive apoptotic nuclei in response to hypoxia (Fig. 1c) . Analogous experiments directly inducing DNA damage with ionizing radiation resulted in a similar increase in sensitivity for EYA-depleted cells ( Supplementary Fig. 3 ). Thus, in embryonic kidney cells, both in vivo and in culture, an increase in apoptotic cell death is observed in the absence of EYA1 that may be related to the cellular response to DNA damage, which involves c-H2AX 11, 17 . We therefore investigated a potential interaction between EYA and H2AX by co-immunoprecipitation assays using 293T embryonic kidney cells before and after exposing the cells to ionizing radiation to induce DNA damage. We could detect interactions between H2AX and wild-type EYA1 or EYA3 only under DNA damage conditions both using transfected, tagged expression constructs for EYA1/EYA3 and H2AX (Fig. 2a) , and when examining endogenous EYA3 and H2AX proteins with specific antibodies (Fig. 2b) . EYA was capable of interacting with H2AX in the context of chromatin, based on coimmunoprecipitation experiments using fixed sonicated chromatin from 293T cells as input (Fig. 2c) . In response to ionizing-radiationinduced double-stranded DNA breaks, H2AX is phosphorylated by ATM/ATR phosphatidylinositol-3-OH kinase (PI(3)K)-family kinases on chromatin, forming long stretches of serine-phosphorylated c-H2AX flanking the break, visible as c-H2AX immunostained foci 18 . Endogenous EYA3 co-immunoprecipitated c-H2AX in 293T cells after ionizing radiation treatment (Fig. 2b, lower panel) , and immunostaining of transfected haemagglutinin (HA)-tagged EYA1 or EYA3 protein in 293T embryonic kidney cells revealed a clear co-localization of EYA with c-H2AX foci after treatment with ionizing radiation (Fig. 2d, e) .
These results suggest that in response to damage, EYA is recruited to H2AX foci that mark DNA double-strand breaks. To test this formally, we used the oestrogen receptor-I PpoI system 19, 20 , in which 4-hydroxytamoxifen (4-OHT) is used to induce activation of the eukaryotic homing endonuclease I-PpoI that then generates doublestranded breaks at defined genomic loci, including a site on chromosome 1 within an intron of the DAB1 locus. Chromatin immunoprecipitation analysis after 4-OHT induction of I-PpoI in 293T cells revealed that c-H2AX and EYA3 were present at a 6 h time point at a 4-kilobase (kb) region flanking the I-PpoI cut site, which is consistent with a direct role for EYA in the cellular response to genotoxic stress ( Supplementary Fig. 4) .
Interestingly, we found that EYA3 is serine-phosphorylated in 293T cells in response to genotoxic stress (Fig. 3a) , consistent with the recent identification of EYA3 as a potential substrate for the DNA-damageresponse protein kinases ATM and ATR [21] [22] [23] . Inhibition of ATM/ATR function, by pre-treating cells with the PI(3)K inhibitor caffeine, blocked the interaction between EYA3 or EYA1 and H2AX in response to ionizing radiation (Fig. 3b) . Serine 219 of EYA3 was identified by mass spectroscopy as a target residue for ATM/ATR phosphorylation 22 , and a S219A EYA3 mutant failed to form damage-dependent nuclear foci or interact with H2AX after ionizing radiation treatment (Fig. 3c, d ), indicating that ATM/ATR phosphorylation of EYA3 on serine 219 is crucial for directing EYA-H2AX interactions. Because Anti-γ-H2AX EYA1 and EYA3 are seen to interact in 293T embryonic kidney cells both before and after treatment with ionizing radiation (Fig. 3e) , we suspect that regulation of EYA3 via damage-dependent phosphorylation at serine 219 is one cue that may direct both EYA1 and EYA3 to c-H2AX, indicating that these covalent modifications of H2AX and EYA may act as sensors for the DNA-damage-response pathway.
H2AX is an EYA tyrosine phosphatase substrate
We next tested whether the interaction between H2AX and EYA could represent a substrate-enzyme relationship. Because current evidence suggests that EYA is a tyrosine-specific phosphatase 6-8 , we assessed its activity as a tyrosine phosphatase on c-H2AX. H2AX purified either from 293T cells or from bovine histone fraction possesses tyrosine phosphorylation as seen using a phosphotyrosine-specific antibody ( Supplementary Fig. 5 ). This tyrosine phosphorylation mark on H2AX decreased in response to DNA damage induced by ionizing radiation, the topoisomerase I inhibitor CPT, or hypoxia (Fig. 4a) . To determine whether this H2AX phosphorylation mark might be a target of EYA phosphatase activity, we used an in vitro phosphatase assay, mixing immunopurified HA-tagged EYA1 or EYA3 with H2AX protein. Wild-type EYA effectively removed the phosphotyrosine mark from H2AX, whereas the phosphatase-inactive mutant EYA proteins (EYA1 D323A or EYA3 D246A) had little or no effect (Fig. 4b) .
To confirm this activity in a cellular context, 293T human embryonic kidney cells were transfected with siRNA against EYA1 or EYA3 or control siRNA and subsequently exposed to ionizing radiation. In contrast to untransfected cells or cells receiving control siRNA, which displayed a loss of c-H2AX tyrosine phosphorylation in response to damage as seen previously, EYA siRNA-treated cells showed significantly increased c-H2AX tyrosine phosphorylation levels as assessed ARTICLES by western blot analysis (Fig. 4c) . Knockdown of EYA1 or EYA3 had no effect on tyrosine phosphorylation of H2AX in 293T cells not exposed to ionizing radiation ( Supplementary Fig. 6 ). Rescuing EYA function by expressing wild-type murine EYA3 (Fig. 4d) or EYA1 ( Supplementary  Fig. 7 ) constructs-not targeted by the siRNAs-into these siRNAdepleted cells reversed this increased H2AX phosphorylation, whereas a phosphatase-dead mutant EYA failed to rescue EYA function. The observation that depletion of either EYA1 or EYA3 alone proved to be sufficient to block H2AX tyrosine dephosphorylation fully in these cells suggested a lack of compensatory activity by these two homologues. Because EYA1 and EYA3 co-purify in 293T cells before and after damage (Fig. 3e) , we are tempted to suggest that, specifically in the context of this embryonic kidney cell line model, EYA1 and EYA3 may form a stable complex which exhibits tyrosine phosphatase activity towards c-H2AX, with both components required for the overall stability of the enzymatic complex, although these factors may be non-redundant in vivo.
We next sought to identify precisely which tyrosine residue(s) on H2AX were phosphorylated. Mutagenesis of each of the four tyrosine residues in H2AX revealed that only mutation of tyrosine residue 142 blocked H2AX tyrosine phosphorylation as assessed by western blot analysis (Fig. 4e) , indicating that Y142 was the only phosphorylated tyrosine.
To confirm the in vitro tyrosine phosphatase function of EYA 6-8 and demonstrate specificity for tyrosine-phosphorylated H2AX, rather than serine, we generated a bacterially expressed construct representing the enzymatically active C-terminal EYA domain of EYA3 (ref. 6 ). This EYA enzyme showed robust phosphatase activity when mixed with a synthetic phosphopeptide representing the C-terminal tail domain of H2AX (CT-pep) phosphorylated on tyrosine, but showed minimal activity towards a serine-phosphorylated tail peptide (Fig. 4f) . These data biochemically establish the ability of EYA to directly dephosphorylate H2AX phosphorylated on Y142.
H2AX Y142 dephosphorylation: function in apoptosis
To begin to evaluate a possible connection between EYA-mediated tyrosine dephosphorylation of H2AX Y142 and modulation of the apoptotic response, we examined the function of this phosphotyrosine mark in the context of the DNA damage response. Flag-tagged H2AX Y142F mutant was phosphorylated on S139 in response to damage, although at levels significantly lower than Flag-tagged wild-type H2AX (Fig. 5a) . Time course analysis of S139 phosphorylation of H2AX Y142F in response to 10 Gy ionizing radiation in 293T human embryonic kidney cells revealed consistently reduced levels compared to wild type between 1 and 8 h (Supplementary Fig.  8 ). Thus, whereas Y142 phosphorylation does not function as a prerequisite for S139 phosphorylation in DNA damage response 24 , it may have a significant role in promoting or maintaining serine phosphorylation by DNA-damage-response kinases.
It has been established that a key function of H2AX S139 phosphorylation is to provide a docking site for DNA repair factors near or at DNA double-strand breaks 18 . These factors include mediator of and repair responses to DNA damage. a, S139 phosphorylation of H2AX Y142F is present but reduced in comparison to wild-type H2AX after 5 Gy ionizing radiation. b, Affinity purification performed on nuclear extract from irradiated 293T cells using synthetic peptides representing the C-terminal tail of H2AX bearing S139 phosphorylation with or without Y142 phosphorylation followed by western blot analysis. DNA damage checkpoint protein 1 (MDC1), which has been shown to bind directly to phosphorylated S139 of H2AX at the sites of double-strand breaks 24 based on tandem BRCT1 repeats within the C terminus of MDC1 (ref. 25) . MDC1 functions in the recruitment of a set of ancillary repair factors including MRE11, RAD50, NBS1 (the MRN complex), 53BP1 and BRCA1 (refs 26, 27) , although these factors are not wholly dependent on MDC1 and c-H2AX for recruitment to breaks 28 . Because an intact H2AX COOH-terminal tyrosine has been found to be required for MDC1-H2AX interaction and productive DNA repair 24 , it was of particular interest to determine whether persistent phosphorylation of Y142 in the absence of EYA could have a negative impact on MDC1 recruitment to the tail of c-H2AX. We first generated peptides corresponding to the C-terminal tail of H2AX with phosphorylation of both S129 and Y142, or of S139 alone. Peptides lacking any phosphorylation marks or where tyrosine 142 was mutated to alanine failed to interact with MDC1, consistent with previously published reports (Supplementary Fig. 9 ) 24 . Affinity purification of nuclear extract from irradiated 293T cells with each peptide revealed that, in the absence of Y142 phosphorylation, a set of DNA repair factors including MDC1, MRE11 and Rad50 were bound to the S139 phosphorylated H2AX peptide (Fig. 5b) . Intriguingly, when phosphorylated tyrosine 142 was present with phosphoserine 139, binding of these factors was greatly reduced; instead, the established pro-apoptotic factor JNK1 was now present (Fig. 5b) . The stress-response kinase JNK1, activated by DNA damage and initiating a pro-apoptotic program, has been recently shown to translocate into the nucleus on activation where it phosphorylates substrates including H2AX S139, an event critical for DNA degradation mediated by caspase-activated DNase (CAD) in apoptotic cells 10 . In agreement with our peptide purification experiments, we were able to detect a robust interaction between transfected wild-type H2AX and endogenous JNK1 in 293T cells in response to high-dose radiation; this interaction was markedly reduced in the case of the H2AX Y142F mutant (Fig. 5c) .
To confirm further the specificity of these phosphorylationdependent interactions we performed peptide competition assays. The H2AX tail peptide phosphorylated on S139 alone was able to compete effectively for binding of MDC1 in a peptide pull-down assay, whereas the free peptide bearing both S139 and Y142 phosphorylation marks competed away interaction with JNK1 ( Supplementary  Fig. 10 ).
On the basis of our previous data that loss of EYA phosphatase results in increased tyrosine phosphorylation of H2AX, we predicted that depleting EYA in 293T cells would result in decreased binding of MDC1 to H2AX in response to DNA damage. We knocked down EYA3 using specific siRNA and subsequently tested for MDC1-H2AX interaction by co-immunoprecipitation. As predicted, loss of EYA3 resulted in complete loss of this interaction in comparison to untransfected cells treated with 10 Gy ionizing radiation ( Supplementary  Fig. 11 ).
It was of particular interest to identify proteins containing SH2 and PTB phosphotyrosine-binding domains that could bind directly to H2AX phosphotyrosine 142 under conditions of genotoxic stress. We tested a set of known nuclear proteins containing these domains for binding to tyrosine-phosphorylated H2AX (Supplementary  Table 1 , partial list) and found that, whereas most exhibited no interaction, the PTB-domain protein Fe65 29 , a cofactor for several cellsurface receptors that has been shown to translocate to the nucleus during DNA damage response and suggested to exert a pro-apoptotic role 30, 31 , bound specifically to wild-type c-H2AX under DNA damage conditions, but not to the c-H2AX Y142F mutant (Fig. 5d) . Notably, we found that Fe65 protein interacted with endogenous JNK1 by coimmunoprecipitation in 293T cells treated with the DNA-damage agent etoposide (Fig. 5e) , consistent with the idea that Fe65 helps to mediate JNK1 recruitment to c-H2AX. Co-immunoprecipitation experiments demonstrated that the second PTB domain on Fe65 may be crucial for the interaction between Fe65 and tyrosine phosphorylated H2AX (Supplementary Fig. 12a ). Glutathione S-transferase (GST) pull-down assays using purified recombinant protein of Fe65 PTB domains 1 and 2 also revealed a direct interaction between PTB2 and the H2AX present in purified HeLa histones ( Supplementary Fig. 12b ). We postulated that Fe65 may function as an adaptor protein, binding directly to the phosphotyrosine residue on c-H2AX via PTB2 and facilitating the recruitment of pro-apoptotic factors such as JNK1. To test this, we knocked down endogenous Fe65 in 293T cells using specific siRNAs (Supplementary Fig. 2 ) and assessed the interaction between H2AX and JNK1 in response to genotoxic stress by co-immunoprecipitation. Whereas control siRNA had no effect on the ability of H2AX to co-immunoprecipitate JNK1, knockdown of Fe65 strongly inhibited this interaction (Fig. 5f) .
To confirm the function of tyrosine 142 phosphorylation in regulation of the apoptotic response, we transfected H2ax 2/2 mouse embryonic fibroblasts (MEFs) 32 with either wild-type or Y142F H2AX expression constructs. When these cells were subjected to high-dose ionizing radiation, cells expressing H2AX Y142F displayed a reduced apoptotic response in comparison to cells expressing wildtype H2AX (,6-fold decrease) (Fig. 5g) . These data suggested to us that lack of H2AX Y142 phosphorylation promotes a damage repair response instead of an apoptotic response to DNA damage, in part by promoting successful recruitment of MDC1 and associated repair factors. The presence of Y142 phosphorylation in wild-type H2AX transfected MEFs is proposed to lead to the recruitment of proapoptotic factors such as JNK1 to H2AX, while inhibiting the recruitment of the damage repair complex, directly promoting apoptotic response to genotoxic stress.
Conclusions
Cells are confronted with DNA damage resulting from a variety of stimuli under normal physiological conditions and at each instance the cell must make fundamental decisions concerning the ratio of DNA repair and apoptotic response. Our data suggest that c-H2AX is involved in the adjudication of the balance between these two outcomes, with a single post-translational modification, phosphorylation of tyrosine 142, being capable of influencing the recruitment to c-H2AX of functional apoptotic or repair complexes. In the presence of Y142 phosphorylation, binding of repair factors to phosphorylated serine 139, which is mediated by MDC1, is inhibited (Fig. 5h) , whereas recruitment of pro-apoptotic factors, including JNK1, is promoted.
EYA binds to SIX-class homeodomain transcription factors. Although early in vitro studies suggested that phosphatase activity was important for EYA-mediated transcriptional activation of certain SIX-dependent reporter genes 6 , recent studies in Drosophila suggest that most Six/Eya transcriptional targets do not require phosphatase enzymatic activity for activation in vivo 33 . Phosphatase activity of EYA may have a novel function in mammalian organogenesis, acting to block an improper apoptotic response to physiological levels of genotoxic stress by dephosphorylating H2AX on tyrosine.
Coincident with our studies, recently published work reported phosphorylation of H2AX on tyrosine 142 under basal conditions which decreases in response to DNA damage in MEFs 34 . The relevant kinase was demonstrated to be WSTF (Williams-Beuren syndrome transcription factor), which physically interacts with H2AX specifically in undamaged cells. The authors demonstrated that siRNA knockdown of WSTF results in loss of H2AX Y142 phosphorylation, which alters the kinetics of S139 phosphorylation in response to DNA damage. Thus, it seems that H2AX tyrosine phosphorylation is deposited by WSTF under basal conditions and, at least in the embryonic kidney cell model system, is removed by EYA in response to DNA damage.
The present study indicates that the phosphorylation of tyrosine 142 of H2AX prevents recruitment of repair complexes to phosphoserine 139 of c-H2AX, although it is likely that there are many additional aspects that underlie the full molecular logic for the dual phosphorylation-mediated events. We hypothesize that the presence of both phosphorylated residues results in direct binding of the PTB domain factor Fe65, which, at least in part, mediates the effective recruitment of other pro-apoptotic factors, including JNK1.
METHODS SUMMARY
Eya1 knockout mice were originally generated by the laboratory of R. Maas. 293T and H2ax 2/2 MEF cells were maintained in DMEM (Gibco) supplemented with 10% fetal calf serum (FCS; Gemini). Plasmids and siRNAs were transfected with Lipofectamine 2000 (Invitrogen) as directed. Specific antibodies for immunoprecipitation and immunostaining were obtained from Upstate (anti-c-H2AX), Zymed (anti-phosphotyrosine), Cell Signaling Technology (anti-H2AX, anti-c-H2AX), Abcam (anti-KSP-cadherin 16, anti-MDC1), Sigma (anti-Flag), and Santa Cruz Biotechnology (anti-RAD50, MRE11, JNK1). Purified peptides were obtained from Sigma Genosys, Abgent, and Anaspec.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature.
